Abstract: In this study, the authors propose a method to minimise the multi-user interference (MUI) caused by multiple access (MA) in a time hopping ultra-wide-band (TH-UWB) system with line-of-sight (LOS) multi-path channel in a residential environment IEEE 802.15.4a channel model. The authors considered both synchronous and asynchronous cases. The problem is formulated as a combinatorial optimisation problem (COP) and solved by means of an efficient optimisation algorithm called guided local search (GLS). The optimisation criterion is the average collision number (ACN). The code optimisation method is validated by simulating the system and computing the binary error rate.
Introduction
The ultra-wide-band (UWB) technique has applications in radar, remote sensing and wireless communications, among many others [1 -4] . In the last few years, the technique has received much attention and has been proposed for use in wireless communications [3, 4] . The federal communications commission's (FCC) Part 15 Rules licensed the use of UWB communication systems in the frequency band from 3.1 to 10.6 GHz with transmission power levels up to -41 dBm/MHz. Indeed, UWB systems are resilient to fading, have good material penetration capabilities, can be used for precision positioning, allow high transmission rate and multiuser capacity, are resistant to jamming and are suitable for covert transmission [3 -5] . Several modulation techniques have been proposed for UWB systems, such as pulse position modulation (PPM), pulse amplitude modulation, binary phase-shift keying and on-off keying.
In 2004, the IEEE 802. 15 .4a group presented a comprehensive study of the UWB channel over the frequency range 2 -10 GHz for indoor residential, indoor office, industrial, outdoor and open outdoor environments [6] . In this work, we are concerned with the indoor residential environment channel.
As any wireless communication system where more than one user shares the same channel, the interference between users is an additional source of noise that may degrade the performance of the system. Thus, the choice of the modulation type, the multiple access (MA) techniques and the codes allowing MA are crucial for the enhancement of the system performance. Different works have tackled the statistical characteristics of the multi-user interference (MUI). Many of them have modelled the MUI as a random Gaussian process [3] [4] [5] [6] [7] . Owing to this assumption, no code-optimisation has been considered.
Other works have dealt with the optimisation of the performance by code-selection [8 -12] . In [12] , the authors considered the asynchronous case, multi-channel propagation such IEEE 802.15.3a channel model (CM) and rake receiver; they derived a criterion to find optimal codes that minimise the variance of the MUI of a reference user.
The goal of this paper is to select a time-hopping code for every user so that the bit error rate (BER) of each user is minimised. We consider both synchronous and asynchronous cases. Precisely, we propose an optimisation criterion and make use of a generic and efficient algorithm called guided local search (GLS) [1] to obtain more advantageous code sequences. The GLS is a meta-heuristic algorithm that is suitable for a wide range of combinatorial optimisation problems (COPs) [1, [13] [14] [15] [16] [17] [18] [19] . It takes advantage of the search-related information to guide the search towards promising solutions. The approach taken by GLS is analogous to that of regularisation methods for 'illposed' problems [20] . Other meta-heuristics include various forms of Tabu Search (TS) [21, 22] , genetic algorithm (GA) [23] and simulated annealing (SA) [24] . In [1] , the authors reported the results of a comparative study of GLS, TS and SA. This work revealed a clear superiority of GLS on many COPs. These results motivated us to use GLS as a tool to optimise code sequences.
This paper is organised as follows. Section 2 gives a detailed description of the time hopping-ultra wide band (TH-UWB) system. After introducing the TH-UWB-PPM system model, we give the format of the CM IEEE 802.15.4a and the statistics of correlating receiver also in Section 2. Section 3 briefly presents COP, describes the GLS algorithm, expresses the code-sequence optimisation as a COP and describes the proposed algorithm to optimise code sequences. In Section 4, we validate our approach by reporting simulation results showing the advantage of using optimised code sequences in the cases of a synchronous and an asynchronous system. Finally, we conclude in Section 5.
System description
In this section, we begin by describing the TH-UWB system model and the expression of the received signal in an asynchronous and synchronous TH-UWB system using the PPM modulation. Then we compute the variance of the MUI in the case of TH-code sequences when a correlating receiver is used.
System model
A typical expression of the TH-UWB transmitted signal for a user j is given by (1) .
where w(t) is the transmitted UWB pulse shape, T s is the period of one bit. Every bit is conveyed by N f frames. Each frame has duration of T f ;and is divided into N c time slots. Each time slot has a duration of T c .c
l is the TH code sequence assigned to each user, wherec (j) l [ {0, 1, . . . , N c − 1} mimics a realisation of a random sequence. Therefore the TH code sequence provides an additional shift (in multiples of the chip time T c ), in order to reduce collisions effects in MA. d
is the binary sequence of the transmitted symbol at time k corresponding to user j, d is the time shift associated with binary PPM that is, the pulses corresponding to bit 1 are sent d seconds later than the pulses corresponding to bit 0. u j accounts for the asynchronism between the different users and will be assumed to be uniformly distributed over a code period [0, T s ). N ¼ N c N f presents the total processing gain of the system. The signals corresponding to bits 1 and 0 are depicted in Fig. 1 .
The block diagram of the system model is described in Fig. 2. 
IEEE 802.15.4a channel model (CM1)
The IEEE 802.15.4a has recently proposed a CM for propagation in residential areas [6] . According to this model the impulse response is [6, 25] 
where M p is the number of multipath components, R is the number of rays, a r,m is the tap weight of the rth ray (path) in the mth cluster each users may experience different number of propagation paths, T m is the arrival time of the mth cluster and t r,m is the arrival time of the rth ray in the mth cluster. The cluster arrival time is modelled as a Poisson process and the ray arrival time is modelled as a mixed Poisson process [6] . The small-scale fading statistics are modelled as Nakagami-m distributed with different mfactors for different multipath components. The probability density function of Nakagami-m distribution is given in [6] . The large-scale fading is modelled as log-normal. The CM that is used in the paper is for line-of-sight (LOS) scenarios in residential environments, referred to as CM1. The parameters of the channel as a function of the transmitterreceiver distance and the LOS availability. The value of the parameters are given in Table 1 .
If N u is the number of active users transmitting asynchronously; the received signal is
where n(t) is an AWGN process with zero mean and variance N 0 /2. Without loss of generality, we assume that t www.ietdl.org
Statistics of the correlating receiver
The output of the correlating receiver of the ith user at time h is given by (see (14)) where v(t) is the receiver's template signal defined by
An accurate value of t (i) 0,0 can be obtained by UWB acquisition techniques such as [26, 27] . From the previous equations and after variable changes, we obtain
with T U is the useful signal, T ISI is the inter-symbol interference signal, T I is the MUI and T N is the term corresponding to noise.
In [2] , we defined a criterion named average collision number (ACN) for selecting code sequences in synchronous and single-path TH-UWB system. Also we showed numerically that this criterion is adequate even in the multipath channel case. Indeed in the synchronous case with t
where E w = 1 0 w 2 (t) dt is the amplitude that controls the transmitted power, a ( j ) is the tap weight of the user j, d
h [ {0 1} are the transmitted symbols assumed to be independent and identically distributed, cn(s i , s j ) is the number of collision between codesc (i) andc (j) .c (j) can be computed by taking into account the developed timehopping codes [11] corresponding to TH codes as follows: for a given codec (j) , the DTHC is a binary code of length N c N f and is defined by
where r ¼ 0, . . . , N c N f 2 1. The relation between TH sequencẽ c (j) l and the developed code c
r is illustrated by an example in Fig. 3 and given by the following equation according to (6) .
The ACN of the sequence setc
The ACN measures the average number of collisions between two codes: 0 is no collision and N f /2 is when the two codes are identical. We propose this criterion for code sequences selection to estimate the performances of the TH-UWB MA system. We therefore used the ACN as our optimisation criterion.
In this work, we adopt another approach than the one proposed in [12] , to look for optimal TH codes; we consider the TH codes optimisation task as a COP that is theoretically hard to solve (it is an NP-Hard problem [28] ). Indeed, the goal is to find N u codes among a huge set of candidate codes. In our case, the size of this set is equal to d N u , where d is the size of a predefined set of codes. Nevertheless, for such problems, there is a flurry of metaheuristics that can be employed to obtain a sub-optimal solution in a relatively short time. Among these metaheuristics, there is one, namely the GLS, which is particularly suitable for code sequence selection.
In this work, we propose to use the GLS to optimise the performance of the TH-UWB system in terms of BER by searching for code sequences that minimise the ACN.
TH-code-optimisation as a COP
COP appear in many areas such as radio link frequency assignment [15] , telecommunications network design problems [17] , routing [18] etc. The objective is to assign values to a set of decision variables such that a function of these variables is minimised, possibly subject to a set of constraints. Let S denotes the search space, s [ S denotes a candidate solution and g denotes a cost function to be minimised. The goal is to find s * [ S such that g(s * ) ≤ g(s) for all candidate solutions s [ S.
Guided local search
GLS is a meta-heuristic search algorithm [1] . It is composed of two main stages. The first stage consists in a local search (LS), whose aim is to reach a local minimum of the cost function g to be minimised. In the second stage, the cost function g is modified in order to escape from the local minimum reached at the end of the first stage. These two stages are repeated a number of times, until a satisfactory sub-optimal solution is obtained or the execution time devoted to solving the problem is exhausted. The key is in the way that the cost function is modified. To apply GLS, solution features must be identified for the problem at hand. Solution features are defined to differentiate between solutions with different characteristics, so that poor characteristics can be penalised by GLS and hopefully removed by the local search algorithm. The choice of solution features, therefore depends on the problem at hand. For convenience, we shall first define some terminology. The parameter U is the set of variables of the problem, MAXTRY is a positive constant that defines the number of 
To guide the LS out of the local minimum, GLS uses an augmented cost function that is defined as
where p f denotes the penalty associated with feature f and p ¼ ( p 1 , p 2 , . . ., p M ) denotes the penalty vector, p 1 , p 2 , . . ., p M are non-negative integers. GLS computes the utility of penalising each feature. The utility expression is given by
In other words, when the LS algorithm returns a local minimum s, GLS increments the penalty parameters p f associated with all features whose util(s, f ) is maximum. l is a regularisation parameter. It represents the relative importance of penalties with respect to the solution cost and is of great significance because it provides the means to control the influence of the information gathered during the search process. Nevertheless, GLS can be quite tolerant to the choice of the l value [1] . The pseudo-code of the GLS algorithm is the following [1] (see Fig. 4 ). Fig. 5 ).
GLS calls
The pair ku, vl contains, respectively, a variable and a possible value for the variable.
The computational complexity of GLS can be evaluated as follows: the loop at line 5 takes O(M) steps (where O(.) is the worst case complexity order), the one at line 8 is repeated, at most, MAXTRY times. Within this loop, GLS calls LS and executes the loop at line 12. By assuming that MAXTRY is a constant, the complexity of GLS amounts to that of LS. The latter can be evaluated as follows: the loop at line 4 will be repeated, whereas the cost function h is decreased. This can happen, at most, max s h(s) times. This latter term is bounded by In the next section, we adapt the terms in GLS to code optimisation.
Optimising the THC in the TH-UWB system
The GLS algorithm is intended to optimise the ACN defined in (9) in order to increase the performances of the TH-UWB system in terms of BER. The problem consists in finding an N u -tuple that minimise the ACN. The cost function, for the problem of optimising the TH codes for TH-UWB systems If a pair of codes is included in the current solution s then the indicator function I f associated with that pair of codes must be 1, otherwise it is equal to 0.
We give in Table 2 
The parameter U is the set of users. Hence, we have card(U ) ¼ N u . In the ordered pair ku, vl, u represents a user and v designates the selected code for that user in the current solution. The LS function gives a local minimum and the GLS algorithm tries to improve that local minimum in order to obtain a satisfactory sub-optimal solution that is hopefully close to the minimum of the ACN criterion.
Performance analysis
We begin by defining the code sequences used in this work.
TH codes

Gold sequences:
The Gold sequence-based TH code (e.g., see [29] ) is generated as shown in Fig. 6 , where we illustrate how a sequence taking values in {0, 1, . . . , N c 2 1 ¼ 7} is generated. For N u ¼ 8, the THC takes values in 0 ≤c
l ≤ N c − 1 and is obtained by converting every k consecutive bits into a decimal in each row. k is given by N c ¼ 2 k .
Hadamard sequences:
A Hadamard matrix can be generated recursively as follows Fig. 6 Code Gold 31 binary to decimal 
. This is done by converting every k consecutive bits into a decimal in each row.
In the sequel, we consider the BER optimisation of the TH-UWB-MA system in a residential environment CM1 channel by simulations, using the correlating receiver and the Gaussian pulse
Motivated by the relevance of the ACN as an 'off-line' performance evaluation criterion [2] , we experimentally evaluate the contribution of code sequences optimised by GLS in increasing the performance of the TH-UWB system in terms of BER. Optimised codes are obtained before communication begins. The simulation parameters are listed in Table 3 and the parameters of CM1 model for residential environment are given in Table 1 [6] . For simplicity, we will assume that the number of paths L is the same for all users.
Synchronous system
In [2] , we showed that the ACN is an effective criterion to compare the performance of code sequences in a synchronous TH-UWB system. In Fig. 7 , we reported the ACN against the user number. The results showed that the sequences optimised by means of GLS for Hadamard and Gold sequences presented a better ACN than those of the not optimised sequences. These results show the advantage of optimising the code sequences for the TH-UWB system.
To see how these results are reflected on the performances of the TH-UWB-PPM system, we consider the case of synchronous users working on L-path in 802.15.4a residential environment CM1 with L paths. The BER of the system for Hadamard and Gold sequences against users number is shown in Fig. 8 where we set N c ¼ 8, N f ¼ 4 and L ¼ 10. For N u , 10, the BER is low and we did not find any error for a number of bits equal to 10
5
. We can see that the BER of the TH-UWB system using code sequences optimised by means of GLS have better performances than the TH-UWB system whose code sequences are not optimised. This is true for both Hadamard and Gold code sequences. These results validate the relevance of the ACN as an 'off-line' performance evaluation criterion. Now, we propose to change the cost function with a view to obtain more appropriate code sequences. This change consists in squaring the terms of the cost function g in order to obtain a more uniform distribution of the collisions over users pairs. The new criterion is called average of squared collision number (ASCN). The ASCN measures the ASCN between two codes: 0 is no collision and N 2 f /2 is when the two codes are identical.
This is motivated by the observation that when the collisions are regrouped on few positions the performances of the system are significantly degraded. For example, we take three users (N u ¼ 3). For a first scenario (A), the THC arec which for scenario (B), we have ASCN ¼ (16/6). The simulation results depicted in Fig. 9 demonstrate a better performance for Gold sequences optimised by considering the modified cost function ASCN with regard to the ones optimised by means of the ACN cost function. A low ASCN value reflects a more uniform distribution of the collisions over the pairs of users. We claim that a more uniform distribution is more adequate for our purpose.
Asynchronous system
In the asynchronous case, the asynchronism between the different users is modelled by a uniformly distributed random variable denoted by u, whose values vary over a code period 
asynchronism penality (15) where 1 is a regularisation parameter that controls the contribution of the collision that may be caused by the asynchronism in the cost function. The aim is to increase the penalty associated with the pairs of codes where N f collisions are present and to maintain the number of collisions cn(s i , s f ) under N f , we have chosed 1 ¼ 0.1. The variance value measures the dispersion of the pairs of codes var(c
With this new cost function; we have simulated the ASCN in the asynchronous case for N c ¼ 8. In Fig. 10 , we see that sequences optimised by means of GLS for both sequences (Hadamard and Gold) presented a better ASCN than the ASCN of the sequences that are not optimised. These results also show that the ASCN is a good criterion for the choice of code sequences. The plotted values are obtained by averaging the results over 100 runs.
In Fig. 11 , we plotted the BER against the number of users of the TH-UWB system in the asynchronous case for Gold sequences. We can see for N u . 9 that Gold sequences optimised by means of GLS have worse performances than the TH-UWB system whose code sequences are not optimised. This result is owing to the effect of asynchronism. The modified cost function given by (15) is intended to cope with the asynchronous case.
To illustrate the contribution of the modified cost function g, we have plotted in Fig. 12 the BER of the TH-UWB system in the asynchronous case for Hadamard and Gold sequences. For N u , N c , the BER is low and we did not find any error for a number of bits equal to 10 5 . We can see that with the modified cost function, the TH-UWB system using code sequences optimised by means of GLS have better performances than the TH-UWB system whose code sequences are not optimised. This is true for both classical sequences: Hadamard and Gold code sequences. We can also notice that the plots of ASCN and BER are highly correlated, which validate the use of the ASCN as an efficient off-line evaluation criterion. In Fig. 13 , we plotted the BER of TH-UWB system for the asynchronous case for Gold code sequences optimised using the modified cost function ASCN. The simulation results showed that the sequences optimised by means of the modified cost function ASCN have a better performances.
Finally, we can evaluate the contribution of GLS-based optimisation, for both cases: synchronous and asynchronous systems and for the two classical sequences. The contribution of the proposed optimisation process is summarised in Table 4 , which reports the ratio of the 'optimised' BER over the 'not optimised' one. For both synchronous and asynchronous systems, we obtain an improvement in performances, even for a high number of users since all the values in Table 4 are less than one. Nevertheless, it must be noticed that the ratio increases as the number of users increase. This means that the option improves the performance of the TH-UWB system beyond a certain limit and if the number of users exceeds this limit, N c , N f must be increased as well.
On the other hand, we have illustrated in Table 5 , the contribution of the modified cost function ASCN. We find that the results obtained by the optimised Gold code sequences with the modified cost function ASCN are better than those obtained by the optimised Gold code sequences with the ACN for synchronous and asynchronous systems.
The THC depends mainly on two parameters: N c and N f . We assume here that N f is fixed because it plays the role of processing gain and is usually used in order to adjust the link budget of the transmission. Thus, N c remains the parameter that we can adjust for a given N f . We have increased N c to show the influence of this parameter on the performance of UWB systems in terms of BER and to make a fair comparison between sequence codes. In Fig. 14, we have plotted the BER against user number with N c ¼ 18, we see that there is a marked improvement in performance when we increase the value of N c furthermore, sequences optimised by means of GLS presented a better BER than the sequences not optimised. 
Conclusion
In this paper, we addressed the problem of improving the performance of the TH-UWB system in MA context and in both synchronous and asynchronous cases. In such systems, it is crucial to minimise the MUI in order to improve the performance in terms of error rate. We introduced the ACN criterion and its squared version (ASCN) to select sequences that could improve system performance. We proposed to use the GLS algorithm to find sequences that have good ACN and subsequently that improve the BER of the considered system. The obtained sequences have been used in experiments where we simulated the system in both the synchronous and the asynchronous cases in CM1. We showed that the optimised sequences improve the performance of the system in terms of the BER that justifies the optimisation process.
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